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Calculated total cross sections for electron-impact ionization®df @ing a unified theoretical approach are
compared with high-resolution high-precision measurements clearly demonstrating interference of resonant
multielectron reaction channels with direct ionization and inner-shell excitation. In particular, the so-called
READI process, i.e K-shell excitation with simultaneous capture of the incident eledfresonant-excitation
and a subsequent three-electron interaction resulting in simultaneous ejection of two eleuitordouble-
ionization has been studied in unprecedented detail. The calculation is in very good agreement with the
experimental cross section.

PACS numbd(s): 34.80.Dp, 34.80.Kw

Electron-ion collisions are important in all plasma envi- panied by resonant-excitation double-autoionizatlREDA)
ronments. Hence, besides the fundamental interest in atomand resonant-excitation auto-double-ionizatigREADI).
interactions and structures, the fields of astrophysics and afBoth processes include resonant capture of the incident elec-
plied plasma research are pushing experimental and theordton and subsequent emission of two electrons: sequentially
ical investigations of electron-impact excitation, ionization,in the REDA process and simultaneously in the READI pro-
and recombination. Vast applied data needs for cross secess.
tions, rate coefficients, and other microscopic quantities exist First experimental evidence for REDA and READI pro-
that can never be met by experiment alone. Theory has to fitesses was found by Mer et al.[10,13. Linkemannet al.
the gap, but the calculations have to be checked by experj14] experimentally verified that REDA can even dominate
ment in order to prove their reliability. Resonance phenom{onization. Theoretical work on resonance contributions to
ena in electron-ion collisions and the principle possibility of the ionization cross section is sparse. REDA calculations for
interference between direct and indirect reaction channel€®" have been performed by Tayal and Hefit§] using a
provide an ideal testing ground for advanced theoreticatlose-coupling technique, and by Reed and CHedj using
models. the isolated resonances and independent processes approxi-

In this paper we report on detailed theoretical and experimation in a perturbative approach. The calculated results
mental studies of electron-impact ionization of'dons. Us-  agree quite well with the experiment of Ner et al. [10].
ing a recently developed unified theoretical approach and a In contrast to that, the much more sophisticated READI
new electron-ion crossed-beams setup, a unique view can Ipgocess has not yet been treated in a satisfactory manner. A
taken at the interplay of complex resonant and nonresonamirediction had been worked out by Pindzola and Grifid],
excitation channels with direct ionizatigbl). who used first- and second-order perturbative theory to pro-

The ionization of lithiumlike ions is dominated by direct vide a rough estimate of the strength of a single READI
removal, DI, of the outer & electron, whereas DI of thKK  resonance arising from thes2s?2p 3P intermediate term.
shell contributes little to the total cross section. AlthoughThe main difficulty with such calculations is obtaining accu-
conceptually simple, DI still provides unresolved problems.rate double-Auger rates. Moreover, the possible interference
While theory and experiment are in very good agreement foof different reaction channels was neglected. Neither of the
(direcy ionization of hydrogenlike iongL,2], recent massive above methods gave a full explanation of all the resonant
theoretical effortqsee, e.g.[3-5)) in calculating DI of Li-  features observed in the experiment. In particular, due to the
like and Na-like ions have revealed confusing discrepanciemherent deficiencies, none of the available theoretical mod-
with existing experiments. In most recent publications thisels was able to explore the READI resonances occurring be-
dilemma was discussed also for the case 3f {B,7], where  low the EA threshold. Recently, Berringtat al. [18] pro-
theory is about 20—30 % above the measuremg#4.q. posed a unified theoretical treatment to calculate REDA and

An additional reaction channel beside Dl is the excitationREADI contributions to electron-impact ionization of Be
of a 1s electron to a boundl state producing a doubly However, this method did not completely account for reso-
excited configuration 42snl that decays by autoionization. nance features, and it could not yet be tested against experi-
It has been established previously that this process, termadent.
excitation autoionizatiodfEA), contributes about 5 to 10 % In a combined theory-and-experiment effort, we have per-
of the cross section for € above theK-shell excitation formed calculations and measurements for electron-impact
threshold[8,10,11. These findings were in agreement with ionization of G* ions, with special emphasis on the energy
theoretical calculationde.g., those of Youngefl2]) of range 220-360 eV where resonances associated with the ex-
K-shell excitation cross sections. The EA process is acconeitation of oneK-shell electron can contribute. Our results
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show cases where the independent process approximatiol
breaks down. Interference of REDA and EA is clearly seen
and interference between READI and DI is unambiguously
observed. Moreover, the experiment, in which isotopically «—
clean °C3* has been used, avoids a weakness of several 5

©

previous measurements with* Cions: the problem of non- "o
separable beam componedt€®* and *°0**. The measure- =
ments yield cross sections for single ionization that are about %
30% above previous results. For an additional test of the &

validity of the experimental procedures, absolute ionization 8 '[

Cros:

cross sections of hydrogenlike Hehave been determined
both before and after the3C measurements. The results
obtained for Hé are in perfect agreement with distorted-
wave-exchangéDWE) calculationg12] and with the previ-

ous measurements of Peattal.[19]. The present results for
C3* with their total uncertainty of about 12% are slightly

0
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above the latest and most advanced theoretical calculations FIG. 1. lonization cross sections for'C. Besides the present
for DI of C3* [6,7], including the present theoretical ap- results experimental data of Bannist@t and Crandalkt al.[8] as

proach.

The experiments were carried out at a new crossed—bean%]
setup for measurements of total single and multiple ioniza!
tion of atoms and ions by electron impact. The measureme
of total cross sections follows the technique developed b
Muller et al. [20]. An ion beam produced by a permanent-
magnet ECR(electron-cyclotron-resonancéon source is
crossed with an intense electron beam that is mechanicall
moved through the ion beam for absolute cross-section mea-
surements and that is is set to optimum beam overlap for fast
energy scangsee[10,13)). The potential of the technology
has been well documented previously.

A complete theoretical description of both direct and in-
direct ionization processes demands a unified total wave
function. TheR-matrix method[21] uses a close-coupling
approach, in which the totaN+ 1)-electron wave function
is expanded in terms of aN-electron target basis, which

well as theoretical results of Bray], Mitnik et al.[6], Scottet al.

and Youngef12] are displayed. The long error bars on some of
e experimental data show typical total experimental uncertainties;
h'sthort error bars are statistical.

Yvhere the direct ionization cross section varies only slowly
with energy, then the approximation may be good over a
reasonable range of energies. Berringtetnal, however,
ound that the ionization cross section was likely to be over-
timated in this approach unless a further pseudostate, opti-
mized on the dipole polarizability of the ground state, was
included in the bound-state spectrum to allow for loss of flux
into the infinity of dipole-coupled bound states.

In the present calculation, we adopt the same procedure;
wever, different from the work of Berringtaet al.[18], a

real 3p orbital and a_@ polarized orbital are included. The
target states consist of five physical states df Give pseu-

contains the required initial and final states and other statedostates and 16 autoionizing states. All target states were
strongly coupled to these. However, such an expansion ovégPresented by configuration interacti@i) wave functions.
target bound states is not complete if the probability of ion-Eléven orbitals were used: thes,12s, 2p, 3s, 3p, and 3
ization is significant: in which case there should also be infrbitals were taken from the table given by Wej&S]; the
cluded an integral over the continuum. A convenient way ofds, 4p, 4d, and & orbitals were optimized on thes2s?,
representing this integral while retaining the simplicity of the 1s2p?, and 1s2s2p inner-shell excited states, using ther3
close-coupling expansion is to use a pseudostate discretizpackage of Hibberf24]; and the % orbital was optimized
tion to approximate the quadratui22]. Such an approach on the 1s?2s ground-state dipole polarizability. The target
has been shown to give good convergence over a wide ranggbitals require arR-matrix radius of 10.0 a.u. Twenty-four

of energiegsee, e.g.[6]), but can involve large sets of pseu- continuum basis functions were used per angular momen-
dostates; at present it would be computationally difficult totum. Partial waves up to total angular momentiy 20
also include inner-shell autoionizing states in these expanwyere needed to obtain converged results for the ionization
sions. However, Berringtoet al. [18] suggested that at a cross sections. The internal regioR-matrix package
given (high) energyE, the open channel part of the integral rmatrx 11 [25] and the external asymptotic prograsmcr

that is continuous in the energy range belBvwcan be for-

[26] were employed. The resonance positions and widths

mally approximated by a mean value in the range. Theyyere determined with a method introduced by Quigley and
therefore examined the possibility of introducing energeti-Berrington [27]. Radiation damping was neglected, which
cally allowed pseudostatesl for each target angular mo- should be a good approximation foP Cions.

mentum| to approximate the direct cross section into the

A comparison of our theoretical and experimental cross-

continuum, and found for Beand Li" that suitable pseu- section results is shown in Fig. 1, together with the DI cal-
dostates could be constructed from orbitals optimized on theulations of Bray{4], Mitnik et al. [6], and Scottet al. [7],
inner-shell states such that the total cross section becomesd with Younger's DWE calculatiofil2], which includes

Tionizatiok E) =~ 271071 + T autoionization  THIS approximation is

DI of the 2s and 1Is subshells as well as nonresonant EA

clearly energy dependent, but providing we are in a regiorchannels. Also shown are previous absolute experiments
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FIG. 2. Detail of Fig. 1. The present theory data are convoluted FIG. 3. Cross sections from which the DI “backgroun¢fom
with a 1.8-eV FWHM Gaussian and shifted up bx307° cn?;  Fig. 2) has been subtracted. The region of dominant REDA reso-
present scan data are shown with statistical error bars. The dashednces is shown. Previous calculations by Reed and Clt&rand
and dotted lines are extrapolated DI contributions to the presentayal and Hennf15] are also displayed.
data.

For more detailed comparisons of the fine step and peak

[8,9]. Below 290 eV the cross section is almost entirely de-features in the indirect cross-section contributions we sub-
termined by DI. In that energy range the present experimentracted the smooth DI “background” curves of Fig. 2 from
tal cross sections are slightly above the DI-only calculationghe experimental and theoretical data sets, respectively.
and the present unified theo(gpanning only a limited en- When the resulting “indirect” ionization cross sectioAsr
ergy range due to the complexity of the unified approach are displayed in the next two figures without any adjustment
however, the measurements include all theoretical resultictors or shifts, one has to bear in mind the uncertainty of
within their total uncertainty. Above 290 eV both the experi- the subtraction procedure, which could also produce results
mental data and the unified theory clearly show the well-Ao differing, e.g., by 20-30% at 340 eV. Figure 3 shows
known onset of EA contributions. Ao in the region where the dominant EA and REDA contri-

A closer look is taken at the EA threshold region in Fig. 2. butions occur. The present unified theory is in good agree-
Here, the experimental energy scan data are displayed amdent with the experiment.
compared with the unified calculation. The experimental en- At ~314 eV there is a clear dip in the cross section seen
ergy axis was calibrated against the theoretical energy of thien both our data sets. The shape of the resonances in this
1s2s%2p 3P state at 243.05 eV; i.e., the experimental energyvicinity and the fact that the dip goes below the average
scale was shifted down by 1.05 eV. The theoretical crossionresonant course of the cross section indicate the presence
sections have been convoluted with a 1.8-eV full width atof destructive interference. This interpretation is strongly
half maximum(FWHM) Gaussian that accounts for the ex- supported by the comparison of the present data with the
perimental energy spread. For easier comparison, the preseéntlependent-process approximation of Reed and Chéh
theoretical cross sections have been shifted up in this plot bwhich shows no dip anywhere around 314 eV. Clearly, by
0.3x10 8 cn?. Theory and experiment agree in most of neglecting interference, a prominent feature in the experi-
the cross-section details. However, there are differences iment cannot be reproduced. We attribute the window at 314
the energy dependence of DI. DI energy dependences ag to interference of the EA reaction path with the strong
inferred from both sets of data, resulting in the smoothREDA resonance channel associated wig24313[’ con-
curves displayed in Fig. 2. Apparently, the theoretical DIfigurations. This is supported by tiematrix calculations of
curve is slightly steeper than the experimental one. SimilaiTayal and Henry15], who treated direct and indirect ioniza-
differences occur between the theoretical data sets displaydidn as separable processes but allowed for interference be-
in Fig. 1. On the experimental side there is a limited reprotween EA and REDA. Their result clearly shows a peak-and-
ducibility of single absolute cross-section measurementslip feature at~-316 eV that is almost identical to the present
within 2%, while for the observation of fine structures in thefindings at~314 eV. Since they did not include DI, the
cross-section only statistics is setting the limits. Since thalestructive-interference dip i o can only be due to inter-
scan results have to be normalized to the absolute measuraeting EA and REDA channels.
ments, there remains a systematic uncertainty of the overall What we consider the most important accomplishment of
scan-data energy dependence, while the point-to-point uncetihe present study is documented in Fig. 4, where the energy
tainty of the measurements is less than 0.04% in the preseringe of READI processes is investigated. The prominent
case. Discrepancies also occur just below the EA thresholfkatures inAo arise from 52s?2p P and 1s2s2p? 3D
where the unified theory predicts READI resonances that areesonances that contribute to ionization via simultaneous
not observed with the predicted strengths in the experimenemission of two electrons. Experimentally, these features
Further theoretical work is needed to clarify this situation. could only be made visible by reducing the relative uncer-
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range of Fig. 4. The asymmetric interference profiles are
seen in the unified calculations and in the experiment alike.
It is obvious that only unified theoretical approaches pro-
vide accurate tools to calculate details of ionization cross
sections. Such details are the interference patterns observed
in the experimental energy ranges selected in Figs. 3 and 4.
Clearly the present investigation shows that READI inter-
feres with DI and that REDA interferes with the EA channel.
In summary, for electron-impact ionization of Cions
we present results of a unifidgRtmatrix approach, including
all direct and indirect mechanisms as well as their possible
interactions. Accurate calculations of the READI mechanism
have been carried out and tested against detailed experi-
ments. We have performed absolute cross-section measure-
ments with 13C3* ions, avoiding previous problems arising
from ion-beam contaminations witlfO**. Thereby we have

Fig. 2 has been subtracted. Theoretical energies of the dominarftPtained results that might explain previously observed dis-

READI resonances are indicated.

crepancies between existing experimental data and the most
advanced theoretical approaches. Energy scan measurements
with very much improved statistics were performed, which

tainties of the measured cross sections to the present level of ¢onjunction with unifiedR-matrix calculations allowed us
0.04 %. Theoretically, READI had not been treated in a saty, gydy details of READI resonances in the electron-impact

isfactory manner before the development of the presentnization of G+
R-matrix techniques. In our results we note an asymmetry of
the dominant READI resonances that is even accompanie,
by slight excursions oA o to negative values, clearly indi-

cating patterns of interference between READI and DI chan-

ions. The shape of the most pronounced
esonances clearly shows the importance of the interference
the READI channel with direct ionization.
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